Six Holstein cows (averaging 475 kg body weight, 2.3 parities and 96 d in lactation) fitted with catheters in the hepatic portal vein, mesenteric vein and intercostalis posterior artery were exposed to treatments of thermal comfort environments with ad libitum or restricted (75% of ad libitum) DM intake and a thermal stress environment with ad libitum intake in two balanced 3 x 3 latin squares to evaluate effects of thermal stress on portal plasma flow and net fluxes of metabolites. Portal plasma flow was measured by administering a primed, continuous infusion of para-aminohippurate into a mesenteric vein and determining its concentration and dilution in portal vein plasma. Thermal stress treatment increased rectal temperatures and respiration rates. Dry matter intake decreased from thermal comfort ad libitum level (15.1 kg/d) to lower levels in thermal comfort restricted (11.5 kg/d) and thermal stress (11.1 kg/d) treatments. Portal plasma flow was related directly to level of DM intake, declining about 14% with thermal comfort restricted intake and thermal stress environment treatments compared with the thermal comfort ad libitum intake treatment. Net flux of alpha-amino N was reduced 20 and 35% by thermal comfort restricted intake and thermal stress treatments compared with the thermal comfort ad libitum intake treatment. Net fluxes of urea N, ammonia N and glucose were not affected by experimental treatments. A portion of the negative effects of thermal stress on milk production can be explained by decreased nutrient intake and decreased nutrient uptake by the portal-drained viscera of the cow.
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5"1"o whom requests for reprints should be made. ~Dalry Sci. Dept., Inst. Food Agric. Sci. Received May 23, 1988 . Accepted September 22, 1988 The net flux of a nutrient or metabolite across the digestive tract equals the product of the difference in blood concentrations of the nutrient or metabolite in the hepatic portal vein and an artery, and the rate of blood flow through the portal vein. Thus, a reduction in portal blood flow (PBF) and(or) concentration difference of the nutrient or metabolite may result in reduced net flux. Evidence suggests that level of feed intake may influence the rate of blood flow from the digestive tract (Bensadoun and Reid, 1962; Huntington et al., 1981; Huntington and Prior, 1983; Lomax and Baird, 1983) . In lactating cattle, thermal stress re-duced DMI from 5 to 25% (McDowell, 1972; Schneider, 1985) , depending on the severity of thermal stress and the type of diet. Therefore, thermal stress may reduce PBF due to the reduction in DMI. Further, blood flow to mucosal tissues of the ovine forestomach was reduced during thermal stress (Englehardt and Hales, 1977; Alexander et al., 1987) . Reduction in DMI, along with a possible decrease in net nutrient flux, may contribute to decreased milk production observed during thermal stress (Ragsdale et al., 1948; Worstell and Brody, 1953; Thatcher et al., 1974; Beede and Collier, 1986) .
Objectives of this experiment were to determine whether portal plasma flow (PPF) and net fluxes of nutrients or metabolites from the portal-drained viscera were affected by thermal stress, level of feed intake, or both.
Materials and Methods

Surgery. Six Holstein cows (averaging 475
kg body weight, 2.3 parities and 96 d in lactation) with ruminal cannulas were fitted surgically with catheters in the hepatic portal vein, two mesenteric veins and an intercostalis posterior (thoracic aorta) artery. Surgical catheterization of the portal and mesenteric veins followed the procedure described by McGilliard and Thorp (1971) as modified by Huntington (1982) with the following exceptions. Feed and water were not withheld prior to surgery. Ruminal contents were removed immediately prior to surgery via the ruminal cannula. General anesthesia was accomplished with administration of thiamylal sodium 7 in sterile saline (10% w/v) into the jugular vein to allow insertion of an endotracheal respiration tube. Anesthesia was maintained with halothane and air. The catheter inserted into the portal vein was made from a section of chemplast tubing 8 (AWG 16) threaded into a length of silastic tubing 9 (.157 cm i. catheter into the portal vein was accomplished with a sharpened point of bone (bovine metatarsal, as described by McGiUiard and Thorp [1971] ). The catheter was secured in position with a suture in the vessel wall and the silastic tubing. A second suture into the portal vein wall between the catheter insertion point and the liver caught the catheter to ensure its position within the liver. Catheters inserted into the mesenteric veins were made from tygon tubing 1~ (.102 cm i.d., .178 cm o.d.). Interior and exterior surfaces exposed to blood were treated with a 7% TDMAC-heparin solution 11. Catheter placement into the intercostalis posterior artery was similar to the procedure of Guilbault (1984) . Catheters for insertion into the intercostalis posterior artery were made from tygon tubing 12 (.119 cm i.d., .180 cm o.d.). All catheter surfaces exposed to blood were treated with a 7% TDMAC-heparin solution. All catheters were flushed and filled with heparinized (200 U/ml) sterile saline (.9% NaCI) containing streptokinase (150 U/ml) and procaine penicillin G (1%). Post-operative recovery was aided by antibiotic therapy, replacement of ruminal ingesta and addition of ruminal contents from another cow fed a similar diet.
Experimental Design. Prior to initiation of the experiment, PBF estimates from each catheterized mesenteric vein were made in all cows to ensure proper placement of the catheters in the portal and mesenteric veins. Portal blood flow estimates were made with the marker para-aminohippurate 13 (PAH) using the technique described by Katz and Bergman (1969) adapted for cattle (to be described more fully later). Cows were assigned randomly to one of six treatment sequences in two 3 x 3 latin squares, balanced for carryover residual effects. Treatments were a thermal comfort temporal sequence with ad libitum intake (TAL), a similar thermal comfort temporal sequence with daily intake restricted (TR) to 75% of TAL intake, and a thermal stress temporal sequence with ad libitum intake (TS). Daily black globe temperature, a measure integrating dry bulb temperature, radiation and air velocity (Buffington et al., 1981) , increased from 19 to 25~ in TAL and TR, or to 40~ in TS, at 0900 in the environmental chambers. At 2100, the temperature of all treatments was decreased to 19~
Relative humidity was fixed at 70% for all treatments across all hours of the day. In TAL and TS, enough completely (Beede et al., 1981; Schneider, 1985) to a level similar to intakes in TS. Cows in TR were fed twice daily also. Diet composition was changed for cows in latin square 2 compared with latin square 1 by decreasing corn silage and increasing chopped alfalfa hay because of perceived slight chronic ruminal acidosis and reduced intake with the diet in latin square 1 (Table 1 ) . Therefore, nutrient composition varied somewhat between latin squares (Table 1) . Cows were allowed 2 wk to adapt to diets prior to initiation of treatment sequences. Huntington (1982) . Plasma was analyzed for NH3 N, urea N (PUN), alpha-amino N (AN), and glucose as described by Huntington (1984) . Analysis of NH3 N was by the hypochlorite method (Technicon Industrial Method No. 337-74T), analysis of PUN was by the diacetylmonoxime method (Technicon Industrial Method No. 339-01), AN analysis was by procedures of Broderick and Kang (1980) modified to include dialysis of samples, and glucose was analyzed by the glucose oxidase method , except that o-dianisidine was used as a color reagent instead of o-toluidine and absorbance was measured at 460 nm instead of 630 rim.
Diet DM content was determined daily on samples dried at 55*C until weight was constant (2 to 4 d). Dried samples were ground through a 2-mm screen and sent to the New York Forage Testing Laboratory 16 for chemical analyses.
Statistical Analyses. Statistical analyses were performed by the method of least squares ANOVA using the GLM procedures of SAS (Freund and Littell, 1981) . The proposed mathematical model for each dependent variable was large (32 terms). The basic experimental design was two 3 x 3 latin squares, balanced for possible treatment carryover effects (Steel and Torrie, 1980) . The design was not a true latin square because periods did not occur at the same time for all cows due to space limitations in the environmental chambers, but periods were chronological treatment sequences. Split plots of sampling time, day and the sampling time x day interaction existed within each latin square. Mathematical models were solved by parts because of limitations of procedures used. For example, mathematical models (models A, B, and C) solved for the dependent variable, PPF, are given in Table 2 . Missing values for terms represent independent variables not included in that particular model. The appropriate error (test) term is shown for each independent variable. All effects were assumed to be fixed except cows, which were random. If the error was not included in the model, the independent variable was tested against Remainder B from the model. Because of the structure of latin squares, interactions involving cow, period and treatment are confounded with each other and with error; as such, they cannot be estimated separately. Nonsignificant main effect terms, not significant in any interaction terms, subsequently were dropped from the model. The interaction, cow(square) x period x treatment, was the term denoted Remainder A. The interactions cow(square) x sample x day, period x sample x day, treatment x sample x day, square x period x sample x day, square x treatment x sample x day, and remainder x sample x day were nonsignificant and were pooled with Remainder B. Table 2 , models for portal plasma flow and metabolite measurements included DMI and PCV as continuous independent variables (covariates), whereas models for milk yield included DMI only. Only plasma concentrations from thoracic aorta blood samples were used in the statistical analysis of metabolite measurements and PCV. Jugular venous plasma was used only to estimate arterial plasma PAH concentrations for PPF estimation because PAH is not excreted or metabolized by the head (Heitmann and Bergman, 1978) . Portal-arterial metabolite concentration differences were tested by ANOVA for each metabolite with site of sampling (arterial vs portal) in the model. The resulting F test determined whether the concentrations were equal at sampling locations. Tests for homogeneity of regression across treatments were performed for all dependent variables (Damon and Harvey, 1987) .
Results and Discussion
Production and Physiological Measurements. Least squares means by treatment for dally DMI, milk yield, water consumption and physiological measurements are given in Table  3 . Dry matter intake was similar between TR and TS, but was reduced (P < .01) about 25% compared with TAL. Daily DMI was different among cows (P < .01) and periods (P < .05) ( Table 4 ). Milk yield also was reduced (P < .05) by TR and TS compared with TAL (Table  3) . Milk yield differed among cows (P < .05) and periods (P < .05). Effects of cows (P < .01), periods (P < .01) and days (P < .01), but not of treatments, on daily milk yield were altered when DMI was included in the model as a covariate. Caution must be used when "For portal plasma flow, and other dependent variables, mathematical models were too large (32 terms, about 210 degree, s of freedom). Therefore, they were solved by parts because of limitations of computer program capability. Models A, B and C represent those solved for portal plasma flow; missing terms in each model were independent variables not included in that particular model. The R z (coefficient of multiple determination) indicates the goodness of fit of each model. bMean squares x 103. ~Remainder A = interactions involving cow, period and treatment plus true error.
'tRemainder B = all remaining pooled interactions plus true error. *P < .1. *P < .05. **P < .01. interpreting effects of DMI as a covariate because restricted intake also was a treatment effect (TR) in this experiment.
Thermal stress increased water consumption (P <. 01), RCT (P < .1) and RR (P < .01) compared with thermal comfort (TAL or TR) ( Table 3) . The difference in RCT between TAL and TR vs TS was not so great as noted previously in these environmental chambers under similar conditions (Schneider et al., 1988) or as reported in the Florida shade-no shade management model (Roman-Ponce et al., 1977) . Rectal temperatures of cows during thermal comfort were normal on days when PAH was not infused. However, there was some indication that PAH, per se, or at least the initiation and continuation of the PAH solution infusion process, increased RCT even with cows in TAL and TR treatments. This was not evaluated further by administering the infusion solution devoid of PAH; however, this apparent effect deserves further evaluation in the future. Rectal temperatures showed quadratic responses with time similar to environmental temperature changes and were different among treatments (TAL, TR vs TS; P < .01; data not shown). Thermal stress was evident, particularly from the large increase in RR from 34 to 102 breaths/min in TAL and TR vs TS, respectively (Table 3) . Curvilinear (quadratic) responses with time similar to environmental temperature changes differed among treatments (TAL, TR vs TS; P < .01; data not shown). Heart rate tended to be reduced slightly (P > . 2) in TR and TS vs TAL (Table 3) . Linear effects of HR with time differed among treatments (TAL vs TR, TS; P < .01; data not shown).
Packed cell volumes of arterial and portal blood were not affected by treatment (Table 3) . Repeated removal of blood by sampling may have masked any reduction in PCV due to TS. Increased plasma volume may be a chronic adaptation to thermal stress not observable after 8 d of thermal stress. Linear regressions of PCV by time differed (P < .01; data not shown) among treatments.
Portal Plasma Flow. Portal plasma flows for lactating cows were similar in TAL (Table  4) to those in previous studies in thermoneutral environments (Lomax and Baird, 1983; Huntington, 1984; Wieghart et al., 1986) . Portal plasma flow was reduced by 14% (Table 4 ; P < .05) during TR and TS compared with TAL. This reduction in DMI during TR and TS apparently resulted in lower PPF compared with animals in other studies (Lomax and Baird, 1983; Huntington, 1984; Wieghart et al., 1986) . Cows had different PPF (P < .01); PPF was ranked similarly with DMI level among cows (Table 4) . No differences were detected in PPF between latin squares, although PPF was numerically greater in square 1. Cows in square 1 had greater DMI of a diet with high energy density (Table 1) , possibly contributing to greater PPF. Overall, no period effects on PPF were detected. However, PPF tended to be greater in periods with greater DMI.
Treatment effects still were evident when PPF was analyzed with either arterial PCV, portal PCV or average PCV (average PCV of arterial and portal blood within cow within sampling time) as covariates (Table 5, Model  3) . No treatment effects of PPF were noted when analyses with DMI as the covafiate were performed (Table 5 , Model 2). By fitting the covariate, DMI, as the final term in the model (Table 5 , Model 2), the percentage of the model variability explained by DMI was .73%. However, by fitting DMI first, the percentage of the model variability explained by DMI increased to 12.5%. With DMI included in the model, mean squares for cow and treatment were reduced, as expected. Such reductions in mean squares for treatment demonstrated that a major portion of treatment effects on PPF was associated with variation in DMI. The amount of variability in the model explained by fitting the covariate, PCV, first or last was .79 and 1.0%. The amount of variability explained by DMI and PCV when both were in the model (Table 5 , Model 4) was .57 and .81%, respectively. The reduction in PPF was influ- .1 SEM 30* 1.0"* aPlanned comparisons: TAL, TR vs TS (P < .01); TAL vs TR (P < .01); TAL vs TR, TS (P < .01).
~I'AL = thermal comfort environment, ad libitum intake.
~I'R = thermal comfort environment, restricted intake. aTS = thermal stress environment, ad libitum intake. *P < .05. **P < .01.
HEAT STRESS AND INTAKE enced by reduction in DMI with TR or TS compared with TAL. Cullen et al. (1985) did not observe a significant reduction in PBF in cattle exposed to thermal stress (35"C) for 24 h. Further exposure to thermal stress may have been necessary to elicit a response in PBF. No significant temporal trends were evident for PPF. No changes in PPF postprandially were observed. The large variability, inherent with this method of determining PPF, may have prevented detection of any significant time trends. Standard error of the mean for PPF by time was 109 liters/h.
Metabolites. Arterial concentrations of metabolites (Table 6 ) were similar to those reported for lactating Holstein cows fed a corn silage, barley meal and linseed meal-based diet (Huntington, 1984) , although PUN and AN concentrations were slightly lower than those reported for cows at a similar stage of lactation. No treatment effects on arterial concentrations or portal-arterial concentration differences of metabolites were detected. The portal-arterial concentration difference of glucose was not different from zero (P > .2). No net flux (uptake or release) of glucose occurred EFFECTS ON PORTAL FLOW 1057 in the portal-drained viscera. No effect on net flux of PUN, NH3N or glucose due to treatment was evident. However, net absorption of AN was reduced from 265.5 mmol/h with TAL to 212.3 mmol/h with TR and further reduced with TS to 172.2 mmol/h (P < .05). Planned comparisons detected differences between TR and TS (P < .05; Table 6 ). Decreased net flux of AN in TR compared with TAL apparently was a function of PPF, because portal-medal concentration differences were not different. However, the difference in net flux of AN with TS compared with TR appeared to be related more to a decrease in concentration difference and not to PPF, because PPF was similar between TR and TS (Table 4) . No significant temporal trends, to the fourth order of polynomial regression, were detected for any arterial, portal-arterial concentration difference or net flux of any metabolite. Although PPF probably was affected by level of feed intake, the distribution of blood flowing within the digestive tract may have changed, affecting net flux. The decline in net flux of AN during TS compared with that during TR suggests that blood flow distribu- fRemainder A = pooled interactions involving cow, period and treatment plus true error. 8Remainder B = all remaining pooled interactions plus true error. *P < .1. *P < .05. **P < .01. 'TAL = thermal comfort environment, ad libitum intake treatment. = thermal comfort environment, restricted intake treatment. = thermal stress environment, ad libitnm intake treatment. dplanned comparisons: TAL, TR vs TS (P < .01); TAL vs TR (P < .01); TAL vs TR, TS (P < .01); TR vs TS (P < .05). *P < .05. tion may have changed within the digestive ta-act away from the mucosa of the small intestine where the majority of AN is absorbed (Allen, 1982) . Englehardt and Hales (1977) reported that capillary blood flow to the mucosal tissues of the ruminant forestomach decreased during thermal stress compared with thermal comfort. Further, recent evidence from Lemons et al. (1987) demonstrated in rabbits that vascular thermal transfer occurred in vessels an order of magnitude larger than in the capillaries. Therefore, net flux could be affected by a redistribution of blood flow during thermal stress. Arterial AN concentrations tended to be greater in TR and TS than in TAL (P >. 1). During TS, the concentration of AN was lower in the portal plasma than during TR. The net flux of AN appeared to decline with length of exposure to TS compared with TAL and TR (Figure 1 ). Toward the end of TS (2100), net flux of AN tended to be at its lowest rate. Thermal-stressed cows typically did not consume much feed until well after (30 rain to 1 h) TS treatment was removed. The possible effects of TS or level of feed intake on regulation of nutrient absorption may be affected by feed consumption pattern, ruminal retention time, rate of passage and digestibility. The TS and TR treatments, as defined in this experiment, encompass all these factors and probably others. Differentiating the effects of these factors was not possible in this Figure 1 . Effect of treatments (thermal comfort, ad libitum intake 0; thermal comfort, restricted intake *; thermal stress, ad libitum intake W) on net flux of alphaamino nitrogen (mmol/h) over sampling time; feeding and milking times are represented by F and M, respectively. experiment. However, distribution of blood flow within the digestive tract, possibly affected by TS, may change rather rapidly. Arteriovenous anastomoses may determine the distribution of blood flow within the microvasculature (Rubsamen and Hales, 1984) . Sympathetic adrenergic involvement in control of regional vascular reactions during thermal stress is present in non-respiratory muscle, and possibly adipose tissue, but probably plays no role in redistribution of blood flow in the portal-drained viscera .
Thermal stress limits the nutrient intake of mid-lactation dairy cows. Further, decreased net flux of some nutrients may occur during thermal stress, possibly due to a redistribution of blood flow or effects on transport mechanisms in the portal-drained viscera. The current experiment does not address the possibility that blood flow distribution may have been altered by TS, compared with TAL and TR, thus accounting for part of the decline in net flux of AN instead of total PPF or level of DMI. Furthermore, reduction in PPF and net absorption of AN was evident 5 d after initiation of TS treatment. Therefore, lactating cows should be managed to reduce thermal stress even in temperate areas with short-term episodes of thermal stress.
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